Wound healing is an incredibly complex biological process that often results in thickened collagenenriched healed tissue called scar. Cutaneous scars lack many functional structures of the skin such as hair follicles, sweat glands, and papillae. The absence of these structures contributes to a number of the long-term morbidities of wound healing, including loss of function for tissues, increased risk of re-injury, and aesthetic complications. Scar formation is a pervasive factor in our daily lives; however, in the case of serious traumatic injury, scars can create long-lasting complications due to contraction and poor tissue remodeling. Within this report we target the expression of connective tissue growth factor (CTGF), a key mediator of TGFb pro-fibrotic response in cutaneous wound healing, with controlled local delivery of RNA interference. Through this work we describe both a thorough in vitro analysis of nanolayer coated sutures for the controlled delivery of siRNA and its application to improve scar outcomes in a thirddegree burn induced scar model in rats. We demonstrate that the knockdown of CTGF significantly altered the local expression of aSMA, TIMP1, and Col1a1, which are known to play roles in scar formation.
Introduction
Wound healing is an incredibly complex process involving the orchestration of numerous cytokines, cell types, and biological pathways in response to injury [4] . Scar formation as a result of wound healing impacts the life of almost every patient with a wound, ranging from serious trauma to plastic surgery to even playground roughhousing. Scars can detrimentally impact a patient's quality of life [1e3] . Importantly, scar formation from serious trauma can often be debilitating by reducing range of motion and joint mobility and subsequently impairing function [4e6] . The current treatment options for scars offers little comfort for patients, often consisting of topical steroids which have serious undesirable side-effects, surgical resection which has a low success rate and a considerable risk of infection, and simple silicone-based gel wraps [7, 8] .
The goal of normal cutaneous wound healing is to regenerate the naturally protective structures of the skin quickly so as to reduce the risk of infection and provide functioning tissue [9e11] . This process is made up of a number of different stages, including hemostasis, inflammation, proliferation, and remodeling [12] . The last two of these stages, proliferation and remodeling, are especially important in determining scar formation as they pertain to the production of the healing extracellular matrix (ECM) and its reorganization [13e16] . In scarring, this healing process does not regenerate all of the native structures of the skin, leaving a poorly organized dense collagen-rich matrix that is often highly contracted by myofibroblasts [2,17e19] . This is often the case in hypertrophic scarring, which can result from traumatic injuries such as blast or burn wounds [20e23] .
Because scarring is such an ever-present occurrence in daily life, a great deal of research has been focused on understanding the underlying pathologic causes for it. Much of this research has focused on the dysregulated signaling of transforming growth factor-beta (TGFb) within wounds [15,24e28] , as it has been shown that upregulated expression of TGFb is correlated to increased fibrosis in animal models of cutaneous scarring [14,29e33] . Proper signaling of TGFb within wounds, however, is necessary for healthy wound healing, as it orchestrates a number of disparate pathways integral in effective tissue regeneration and remediation of inflammation [24, 27, 34] . To this end it has been demonstrated that the inhibition of TGFb in vivo significantly reduces scar formation but also greatly impairs wound healing [35] . For this reason efforts to target TGFb signaling directly raise concerns about the total impact of such therapies.
Connective tissue growth factor (CTGF) is a key downstream mediator of TGFb signaling that has been demonstrated to regulate many of its pro-fibrotic effects [36e43] . CTGF has been shown to play an important role in regulating many key cellular processes within wound healing, including cell proliferation and migration as well as myofibroblast differentiation and ECM production [39e41, 44, 45] . CTGF also functions to assist in TGFb-based stimulation of collagen and tissue inhibitor of metalloprotenase-1 (TIMP-1) expression [46e49] . A number of previous reports have described the potentially pathologic overexpression of CTGF within fibrotic diseases, including dermal scarring, where its increased expression has been well-characterized within keloids [46,50e53] .
As CTGF has been demonstrated to function as a key mediator of scar formation in vivo, targeting its expression as a means of reducing scar formation is logical [25, 26, 30, 54, 55] . Previous research has demonstrated some success in this approach using anti-sense RNA therapy; however, these approaches have focused on direct bolus injection of un-encapsulated siRNA [56e60] . This leaves the delivered siRNA open to rapid degradation and clearance from the target tissue, significantly reducing its efficacy. Even with these drawbacks, these reports have demonstrated significant siRNA-specific reduction in CTGF expression leading to substantial changes in scar formation. This literature, as a whole, builds a compelling case for targeted anti-CTGF therapies in the treatment of scar production, but also provides evidence for the need to develop more effective techniques for controlled siRNA delivery.
We have previously described the use of layer-by-layer (LbL) [61e65] assembly to construct ultrathin polymer films for the controlled localized delivery of siRNA into chronic wounds to significantly accelerate wound healing in vivo. These reports have focused on the delivery of siRNA from a commercially available woven nylon bandage applied directly into healing wounds. To apply this technology to anti-scar therapy, it is first imperative that an adequate animal model be chosen in which scarring behavior can be observed. We chose to conduct this research in a rat thirddegree burn model as it has been demonstrated to form highly reproducible scars [66e68], and burn wounds are known to overexpress CTGF [69, 70] . Burn scars, however, do not present open wounds, as is the case for excisional models, thus requiring us to make adjustments to the substrate coated for implantation into the healing burn wound. For this purpose, we used a commercially available silk suture which provided a mechanically robust substrate. Coating sutures for anti-scar therapy has the added benefit of being widely applicable in the arena of scar therapy, as many scars are the result of surgical procedures or traumatic injury, where sutures would already be used. We note that here we use a commonly used silk suture, but the same electrostatic assembly approach described here can be applied to synthetic and fully resorbable suture materials with appropriate surface treatment.
In this work we describe the application of an ultrathin polymer film coating generated from a simple encapsulation method of electrostatic multilayer assembly, and applied to a commercially available suture for the controlled local delivery of siRNA into healing third-degree burns. This coating was first thoroughly investigated in vitro to demonstrate efficacy of siRNA delivery from the coated substrate, achieving sustained levels of siRNA-specific gene knockdown for up to five days with a controlled siRNA release profile. The coated sutures were directly placed into healing burns on the dorsum of rats and produced significant siRNAspecific reductions in targeted gene expression. The controlled knockdown of CTGF within the healing burns resulted in greatly reduced scar contraction, improved tissue remodeling, and the regeneration of important native tissue structures such as papillae which are lost in all other burn control groups.
Methods and materials

Materials
Poly 2 (20 kDa) was synthesized as previously reported [71] . Chitosan (15 kDa) and dextran sulfate (500 kDa) were purchased from Sigma Aldrich company (Manassas, VA). SiRNA sequences were synthesized by Dharmacon (Lafayette, CO); alexafluor 488-labeled and 546-labeled siRNA was purchased from Qiagen (Valencia, CA). Ethicon 4-0 Perma-Hand Silk suture were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX). Phosphatebuffered saline (PBS, 10x), Advanced-MEM, fetal bovine serum, antibiotic-antimycotic solution, and 100 mM L-Glutamine solution were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, HeLa, and MDA-MB-231 cells were purchased from Cell Biolabs (San Diego, CA). All antibodies were purchased from Abcam (Cambridge, MA).
Layer-by-layer film preparation
Films were deposited on oxygen plasma treated sutures. Sutures were cleaned in ethanol and then in RNase free UltraPure™ water (Life Technologies) prior to plasma treatment. Oxygen plasma treatment was performed for 3 min on high setting. Sutures were then immediately immersed in a solution of the polycation Poly 2 for a minimum of 1 h. Assembly of LbL films was performed using a Carl Zeiss HMS-DS50 stainer. [Poly 2/DS] base layers were deposited through sequential polymer adsorption steps (2 mg ml , pH 5.0) was adsorbed for 15 min. All solutions were prepared in RNase free water, adjusted to a pH of 5.0.
Film growth was characterized for films built on silicon wafers by a Veeco Dektak 150 profilometer. Incorporation of fluorescently labeled siRNA into films built on silk sutures was followed using a Nikon A1R Ultra-Fast Spectral Scanning confocal microscope. Total siRNA incorporation within films was measured by rapid dissolution in a 1 M NaCl solution with vigorous agitation for films assembled on sutures and quantified using a fluorescent plate reader. Release studies were performed in PBS (pH 7.4, 37 C) and in cell conditioned media (37 C). Release was quantified by fluorescence of the released labeled siRNA read using a fluorescent plate reader.
In vitro LbL bandage evaluation
Cells were cultured in Advanced-MEM media with 5% FBS, 1% antibiotic-antimycotic, and 2 mM L-glutamine. Cells were seeded at an initial density of 5000 cells per well in a 48-well plate. After one day LbL coated sutures (3 cm, cut to 1 cm lengths) were placed in culture with the cells. The suture coatings either contained GFPspecific siRNA or a control siRNA sequence or were uncoated. Uncoated suture was used as the control to test the cytotoxicity of the film. Mean cell fluorescence was measured by flow cytometry, using a BD FACSCalibur flow cytometer. Cell viability was quantified using AlamarBlue assay (Life Technologies). Analysis of GFP expression and cell viability were performed after 3 and 5 days of treatment.
In vivo siRNA delivery
All animal studies were approved by the MIT Institutional Animal Care and Use Committee (IACUC) and by the Subcommittee on Research Animal Care (IACUC) of the Massachusetts General Hospital. Animals were housed and cared for in the USDA-inspected MIT Animal Facility under federal, state, local, and NIH guidelines for animal care. Six week old Sprague-Dawley rats (~200 g, n ¼ 3) were purchased from Charles River Laboratories (Wilmington, MA). Three groups of sutures were used: (1) CTGF siRNA (siCTGF) suture treated, (2) control siRNA (siControl) suture treated, and (3) uncoated suture treated.
Prior to wounding, rats were anesthetized with isoflurane. Hair was removed from the backs of rats using an electric clipper. Six burn wounds were created on the dorsum of each rat by applying the end of a pre-heated brass block (!95 C) for 10 s. Each wound was created with a single application of a pre-heated brass block. This protocol results in a non-lethal, full-thickness, third-degree burn measuring approximately 1 cm [2] . Burns were spaced evenly down the midline of the rat starting from the top of the back and going down to 2 cm above the tail. Each rat received all three treatments, with two burn wounds of each treatment type per rat. Sutures were placed immediately after burn creation. They were placed running laterally across the burn in a vertical mattress suture, with four total passes through each burn. Sutures were placed through the dermis so as to not impair skin movement. Digital imaging of burns was performed after 15 and 30 days of treatment. Rats were sacrificed after 30 days. Each wound was cut so tissue for RNA isolation was taken from the treated scar. These wounds were then used for histological analysis.
Histology
Tissues were fixed in zinc fixative without formalin for 48 h. The excised wounds were cut on center and then embedded cut-face down in paraffin. Sections were taken at the wound center and at two further levels of 250 mm reaching a total of 1 mm sampling length through the scar. At each level a hematoxylin and eosin (H&E) slide was stained. Unstained slides were also taken for IHC, MTC, and PS staining and analysis of the healing tissue. All sections were 5 mm thick. Image analysis was performed using Image J.
Orientation of collagen fibers was analyzed using the Image J plugin Orientation J.
Tissue processing
Isolation of RNA was performed using TRIzol as per the manufacturer's instructions. Synthesis of cDNA was done using iScript cDNA synthesis kit (Bio-Rad Laboratories) and analysis of expression was performed by qRT-PCR using iQ SYBR Green Supermix (Bio-Rad Laboratories) along with selected DNA primer pairs. All experiments were performed in triplicate using a LightCycler 480 (Roche). Relative gene expression was quantified relative to b-actin, a housekeeping gene, using the delta-delta Ct method.
Statistics
Statistical analysis was performed between groups using Student's t-test and rectified by ANOVA for comparisons between multiple groups. Values are represented as mean ± S.D. A value of p < 0.05 was used to indicate statistical significance.
Results
The film used in this work consists of a hierarchical structure of two simple bilayer LbL films. The first film applied to the surface is a hydrolytically degradable film using Poly2, a poly(betaaminoester), and dextran sulfate (Fig. 1a) . This undercoating film forms a hydrolytically erodible base on which the later film is assembled. On top of this film the siRNA incorporating layer of low molecular weight chitosan and siRNA are applied (Fig. 1b) . This combinatory film structure has the capability to both incorporate siRNA and release the assembled film material from the coated surface.
Here we investigate the application of this film architecture to deliver siRNA into healing burn wounds for scar remediation. As layer-by-layer assembly is an equilibrium driven process that has been reported to be effectively reproducible on a variety of surfaces we began our work by demonstrating this feature of the LbL assembly. Films were assembled on cleaned silk suture, as described in the methods section of this work, that were oxygen plasma treated on high for 3 min. Films were assembled as previously described. Total film incorporation of siRNA was evaluated based on a per centimeter length basis.
Evaluation of LbL film coating on silk sutures
It was observed that siRNA incorporation on the suture was near-linear with the number of siRNA containing layers, similar to what had been observed for coated nylon bandage and silicon substrates ( Fig. 2a) [72] . When 25 layers of the [Chi/siRNA] film were assembled onto a [Poly2/DS] 20 coated suture, a total of 2.1 ± 0.3 mg/cm of siRNA was incorporated. We evaluated the release of the siRNA from this coated surface in two different release media. The first was PBS at 7.4 and 37 C, which is a common release media for degradable delivery systems, as it effectively reproduces the body's salt concentration and pH. PBS, however, does not capture the biological protein interactions that may also contribute in facilitating material release. To better estimate release in biologic media we used cell conditioned media at 37 C, as described in the methods and materials section of this report.
Film coated sutures in cell conditioned media were observed to sustain the release of siRNA for over nine days, while the PBS media resulted in release carried out to nearly 12 days, as shown in Fig. 2b . These findings suggest an impact of release media on the release of the siRNA, likely due to the interactions of charged proteins that compete with the ionic crosslinks that form films. This release was followed using a fluorescently labeled siRNA, imaging of the film coating the suture containing the labeled siRNA prior to release is shown in Fig. 2c . The coating is observed to uniformly cover the surface of the woven silk suture with only a few defects observed. A few punctate localizations of fluorescent signal are observed in the coating, primarily lying in the recesses between individual fibers. This is likely aggregation of the accumulating film material between the fibers. After seven days of degradation in the cell conditioned media much of the labeled siRNA is observed to be released from the surface (Fig. 2d ). This release is observed to occur in patches across the coated surface. Large areas of fluorescence are still apparent after the seven days of degradation, but the total level of fluorescence is seen to be significantly reduced.
Scanning electron micrograph (SEM) images of film-coated sutures demonstrate the uniform level of coating across the suture. A few areas of bridging are visible across the woven network of fibers (Fig. 2e2 ), but the individual fibers are still apparent upon observation (Fig. 2e1) . SEM images of the coated suture after seven days of degradation in cell conditioned media showed significant degradation of the coating surface. Many noticeable defects are observed along the surface of the coated fibers, with the fibers appearing to have pieces of swollen film crossing between them (Fig. 2f1) . Close examination of the fibers shows an increasingly rough surface with noticeable flaking off of the coating (Fig. 2f2) .
The LbL coating on the suture after assembly appeared uniform over the surface; however, adhesion of the film to the suture during its use was a concern, as it would lead to loss of siRNA from the surface. To investigate this potential issue, we assembled the LbL film on the surface of the silk suture containing a labeled siRNA and drew the suture through a PDMS block four times (Fig. 2g) . We then imaged the suture in situ to evaluate the level of remaining fluorescent material on the suture (Fig. 2h) . What we observed was little to no detrimental loss of the labeled signal from the suture after being drawn though the PDMS. We repeated this test using excised pig dermis and observed a similar phenomenon when we compared fresh suture to that which had been drawn through the skin four times. These findings lend support to the application of such a suture in vivo, as the material assembled on the fiber surface is expected to remain on the suture at the site of implantation.
In vitro investigation of siRNA delivery from LbL coated sutures
We next wanted to investigate the activity of the incorporated siRNA. To do this placed 3 cm of the coated suture into culture with cells expressing the reporter gene green fluorescent protein (GFP). The sutures were cut to 1 cm long lengths and were allowed to settle in the wells. We were particularly careful in the slow and deliberate even placement of the cut suture throughout the well to avoid issues such as non-uniform release to cells. In vitro studies for the knockdown of the GFP were carried out in two cell lines, HeLa and NIH-3T3 that constitutively express GFP. After three days of treatment significant siRNA-specific gene knockdown was observed in both cell lines. GFP reduction after three days was approximately 37% in HeLa cells and 31% in NIH-3T3 cells. This knockdown was observed to increase at five days to nearly 55% in HeLa cells and 48% in NIH-3T3 cells (Fig. 3a) . No significant cytotoxicity was observed for the LbL coated sutures versus sutures that were as purchased (Fig. 3b) . Importantly, no proximity related cell changes were observed for cells in culture close to the sutures. This was evaluated by brightfield and fluorescent imaging of cells at varied distances from siRNA delivering sutures.
Uptake of the labeled siRNA in HeLA cells was observed to increase during the five day testing period. Large micron sized particles were seen to accumulate around cells while more diffusely labeled sub-micron localizations were observed intracellular (Fig. 3ced) . The level of diffuse labeling within the cells increased from day three to day five. This pattern fits well with our imaging studies of the releasing LbL coated suture, as we can clearly visualize these multi-micron sized particles flaking off of the coated surface as the film breaks up during the release process.
In vivo application of LbL coated sutures
Six week old Sprague-Dawley rats were prepared for surgery under anesthesia. The dorsum of each rat was shaven with an electric clipper and cleaned immediately prior to wounding. Burn wounds were created along the midline of the dorsum using heated (!95 C) brass blocks (Fig. 4c) applied to the skin of the rat for 10 s. Wounds were created evenly down the back of each rat starting at the top of the back and ending approximately 2 cm above the tail. Sutures were placed through each burn wound laterally crossing the burn four times in a vertical mattress suture style. The excess suture was clipped near the skin surface leaving as little as possible for the rat to interact with. Sutures were placed such that they ran through the scar dermis but entered and exited through the uninjured margins approximately 1e2 mm outside of the burn wound at either margin (Fig. 4a) .
The wounding and suture placement was carried out as described in Fig. 4a and resulted in a well reproducible model where rats are largely unable to interfere with their sutured burns and the sutures remain intact within the burn wounds (Fig. 4b) . Throughout the one month study, we did not observe any removal of suture by the rats, and the sutures appeared well tolerated with only limited discomfort noticed in the first few days after wounding. Suture placement is important in this model, as the wounded tissue will quickly become necrotic and lose much of its mechanical stability. This wounded tissue is known to fall off of the burn wounds after approximately two weeks, and thus, care was taken to ensure that sutures did not exit the dermis inside of the burn tissue area, where they would have been much easier for the rat to remove. Wounds were treated with one of three types of suture: (1) siCTGF, (2) siControl, and (3) uncoated. Each rat had two wounds treated with each type of suture. Suture location along the back was changed for each rat to control for potential differences in contraction along the back. 
CTGF knockdown within burn wounds reduces contraction In vivo
Digital imaging of burn wounds was performed at the day of wounding, so called day 0, and after 15 and 30 days post-wounding (Fig. 5a) . Grossly, the wounds are identical initially after wounding. The brass blocks create a uniform 1 cm [2] square burn that is only slightly obscured by suture placement. After 15 days the siCTGF wounds appear less contracted than either of the controls. Measuring the total scar area was complicated by the eschar having not fully released from some of the wounds (Fig. 5b) . This issue was addressed by quantification of the scar area from analysis of digital wound images using ImageJ. The scar margin was determined from the hair line margins. After 15 days of treatment the scar area was significantly reduced in both siControl and uncoated suture treated wounds, indicating increased contraction within these burns compared to the siCTGF burns.
A key desired outcome of treatment is the lessening of the contraction that is characteristic of fibrotic wound closure. After 30 days of treatment the siCTGF treated scars appear significantly wider than the control treated burns, maintaining nearly twice the average scar width (Fig. 5c) . Many of the control wounds appeared dramatically contracted, with a characteristic hourglass shape common to contracted scar. The total wound area in siCTGF treated wounds was approximately 167% that in burns treated with siControl sutures and 150% that of uncoated sutures. Interestingly it was observed that contraction within the siCTGF burns was particularly inhibited around the site of suture placement while regions of the scar far away from the suture appear significantly more contracted. This is distinct from what was observed in control wounds, where the area of suture placement was where the highest degree of contraction was observed.
In vivo silencing of CTGF and its effects on fibrosis related gene expression
Connective tissue growth factor is a key mediator of the profibrotic wound healing response to TGFb signaling in cutaneous wound healing. Its expression in vivo has been previously connected to upregulated expression of a number of important proteins in scar production, including: alpha-smooth muscle actin (aSMA), tissue inhibitor of metalloproteinase-1 (TIMP-1), and collagen (Col1a1) (Fig. 6) . It has been previously demonstrated that the knockdown of CTGF during dermal wound healing results in significantly reduced expression of these proteins and subsequently reduced local fibrosis. In this work we hypothesized that the controlled local delivery of siRNA targeting CTGF would have a similar response: by reducing local CTGF expression, we could also reduce the expression of these known downstream mediators of scar formation.
Gene expression was determined by qRT-PCR for mRNA expression in tissues isolated from within the sutured burn wounds, and compared to expression from unwounded dermis of the same rat. The expression of CTGF within the burn wound treated with siCTGF sutures was reduced by approximately 36% percent compared to controls after 30 days of treatment (Fig. 7a) . CTGF expression was significantly elevated within all burn wounds when compared to the uninjured dermis; however, the relative level of upregulation was significantly different between the treatment groups. No difference was observed between the siControl and uncoated treatment groups.
Alpha smooth muscle actin is expressed by myofibroblasts within healing wounds, which act to drive wound contraction. For this reason, overexpression of aSMA within wounds is considered detrimental, as wound contraction often contributes to scar formation, poor tissue mobility, and subsequent functional impairments. Reduced aSMA expression has been previously demonstrated to reduce wound contraction in animal models and in in vitro studies. The expression of aSMA was significantly reduced within wounds treated with the siCTGF delivering sutures compared to either control group. Wounds treated with siControl containing sutures were observed to express aSMA at approximately 1.6 times that found in siCTGF treated wounds (Fig. 7b) . This significant reduction in aSMA expression within the siCTGF treated wounds is likely one of the major contributing factors to the noticeably decreased wound contraction observed in these wounds.
Another important factor in scar formation is collagen production and its reorganization. Collagen is produced by fibroblasts within the healing tissue and is reorganized by matrix metalloproteinases (MMPs). The balance of collagen expression and MMP activity within a healing wound contributes significantly to the speed of healing and the quality of the tissue produced. It is known that upregulated MMP expression and activity along with lagging collagen production produces slow healing, poorly organized granulation tissue. In the case of scar formation this situation is reversed, and the overproduction of collagen and its gradual reorganization contribute to poor tissue function and scarring.
Importantly, CTGF overexpression within healing tissues is known to play an important role in TGFb stimulated collagen production in cutaneous wound healing as well as its stimulation of TIMP1 expression. TIMP1 acts to inhibit MMPs that are crucial in the reorganization of dermal collagen. We found that in the case of siCTGF treated wounds, collagen and TIMP1 expression were both significantly reduced. Col1a1 was reduced by approximately 29% versus siControl wounds, while TIMP1 expression was reduced by approximately 23% (Fig. 7ced) .
Controlled siRNA delivery and knockdown of CTGF results in improved histological changes
Histological evaluation of treated scars was performed after 30 days of treatment. Wound sections were taken in the direction of suture placement from the center of each sutured burn wound and at two consecutive levels spaced 250 mm out from the center of the tissue. H&E histological analysis of the burn wounds focused primarily on tissue organization, scar characteristic dimensions, and general appearance. In H&E staining cutaneous scar tissue appears more cellular and has a less reticular tissue structure. Staining of the parenchyma is lighter in early scar tissue as compared to uninjured dermis. As the scar tissue matures and remodels the staining within the stroma increases to match the uninjured tissues. Beyond only staining, structural differences between uninjured tissue and scar tissue are dramatic and can be readily appreciated in H&E histology. Scar tissue lacks many of the natural structures found in the skin, including hair follicles, papillary structures, and sweat glands. The loss of these structures contributes to some of the complications of scar.
Qualitative analysis of the burn wounds demonstrated a number of noticeable differences between the siCTGF treated wounds and the control groups (Fig. 8a) . The epidermal thickness of siCTGF wounds appeared increased in many of the wound sections, however it was not statistically significant when quantifies. Also concerning the epidermal layer of the skin, the first signs of papillary structures can be seen in siCTGF treated wounds. This is important as these structures are often lost in scar tissue and they function to improve the integration of the epidermis and the dermis, strengthening the bond between these layers of skin [73, 74] . These structures were not seen in any of the control treated wounds. Another important observation to note was the epidermis was seen Fig. 6 . Cartoon schematic of selected CTGF mediated pathways important in fibrosis. CTGF is known to mediate a number of diverse interactions between cell surface receptors, ECM proteins, and soluble growth factors and cytokines. These interactions influence a wide range of cellular behavior during wound healing.
to break free from the dermis within a number of the control wounds, demonstrating the lack of such a strong connection. The appearance of this junction in control wounds is flat with little variegation (Fig. 8b) .
A common presentation in scars is hypertrophy, where the production of the healing tissue and wound contraction together lead to a scar that grows above the surrounding uninjured tissue. This presentation is very important to many of the aesthetic aspects of healing, as these raised scars can be undesirable. Grossly, we did not appreciate any significant hypertrophy within any of the burn wounds, and did not observe any correlation between treatment group and a raised or bumpy appearance. Histologically we observed this raised feature in a number of the treated wounds, however it was not consistently observed in any specific group. The relative vascularity of the scars was also of interest to us as good perfusion of the healing tissue is important to the overall health of the tissue. It has also been reported that CTGF may play a role in neovascularization [75e77] . To evaluate the impact on vascularity, we performed CD31 staining of wound sections and quantified both the number of vessels and average vessel diameter per high powered field. We found significantly increased vessel number in the siCTGF treated wounds with no observable differences between the control treated wounds. The average vessel diameter in all treatment groups was statistically similar (Sup. Fig 1) .
As we had observed grossly, the siCTGF treated burns were wider than either the siControl or uncoated suture treated burns (Fig. 8c) . The depth of the scar however is reduced by nearly half in the siCTGF treated wounds compared to controls (Fig. 8d) . This dramatic reduction in scar depth is fascinating as it demonstrates the potential for improved long term reorganization of these wounds. Most of the siControl and uncoated suture treated burns were observed to have scars reaching down to skeletal muscle that could readily be identified in H&E staining after the 30 days of treatment. In the siCTGF burns, scars were far more topical, penetrating down to the skeletal muscle in small projections but not uniformly as seen in the control wounds. Overall, the appearance of the siCTGF treated burn wounds is much more remodeled than that seen in the control burns. This is evidenced by the presence of the darker staining parenchyma, which is more similar to uninjured dermis in appearance, within the scar body in the siCTGF treated wounds, while control burn wounds appear to uniformly consist of light staining scar tissue. This is a very promising finding in conjunction with the appearance of papillary structures in these burns, as the scar tissue treated with siCTGF sutures may be remodeling more effectively to recapitulate the uninjured dermis. 
Localized In vivo knockdown of CTGF improves tissue remodeling
Masson's trichrome stain (MTC) is an important connective tissue stain for analyzing collagen deposition within tissues. In the dermis, MTC stains collagen blue and cells, muscle, and keratin appear red. In healing tissue increases in collagen content can be appreciated in MTC stained sections for deeper staining blue color, while lower collagen content is a lighter shade of blue. Cellularity of tissues can also be appreciated, similar to H&E staining, as the cell body within the tissue appears red. This is particularly useful in identifying the epidermal layers as they stain a deep red with minimal blue staining. In MTC staining early scars are observed to stain lighter shade of blue than the uninjured dermis or healthy remodeled tissues due to the smaller size of the collagen fibers bundles within the scar and the relative increased cellularity.
Comparing the three treatment groups used in this work, MTC demonstrates a number of key differences between the siCTGF treated wounds and controls. Importantly, inspection of the full wound sections supports our previous findings from H&E histological analysis for increased scar width in the siCTGF burns (Fig. 9a) . It also demonstrates increasing levels of reorganization within the healing scar. This can be appreciated in Fig. 9a by the dark blue staining regions crossing through the siCTGF scar. This increased staining above the skeletal muscle and through the scar demonstrates a significant level of remodeled tissue that appears much more similar to the uninjured dermis than the scars observed in the siControl or uncoated suture treated burns.
A second important finding observed in the MTC staining is the existence of papillary structures interconnecting the epidermis with the dermis (Fig. 9b) . As we described in the previous section, these papillae serve to better integrate the epidermis with the dermis. Here we see that the epidermal tissue is well circumscribed and has a consistent variegated appearance. Inspecting the controls we see only a flat thin layer of cells lying on top of the dermis with no observable structures reaching into it from the epidermis. Looking closely at the border between the epidermis and dermis we can also appreciate the different organization of the dermal collagen. The collagen within the siCTGF treated wounds takes on a whirled reticular appearance, while the collagen seen to accumulate within the control treated wounds are flat up to and including this border region.
Grossly, the MTC stained full wound sections demonstrated increased tissue reorganization in the siCTGF treated wounds. This reorganizing is especially important at the wound margins to ensure a healthy integration of the healing tissue into the uninjured surrounding tissue. Qualitatively evaluating the scar margins of the different treatment groups we observe a number of important differences between them (Fig. 9c ). Burns treated with siCTGF sutures have a less marked margin, obscured by large variations in the margin edge and regions of tissue that stain similarly to the uninjured dermis in the surrounding scar. Uncoated and siControl suture treated burns have fairly consistent clear margins with only small areas of remodeling at the margins.
Reduced total scar area and contraction
To evaluate collagen accumulation and organization further within the burn wound we used a second independent histological technique, picrosirius red (PS) staining of collagen. Collagen is a naturally birefringent macromolecule and as such can be readily evaluated using polarized light microscopy of histological sections. PS staining of collagen enhances this birefringence, allowing for more precise characterization collagen [78, 79] . Histological analysis of PS stained tissues has been widely reported in the study of wound healing and scar formation to evaluate the extent and orientation of collagen present within the healing tissue [80] . In birefringence imaging thin Type III collagen has a blue-green appearance while thicker and more mature Type I collagen appears orange-red.
Here we use picrosirius red staining to evaluate the collagen content within burn wounds and the level of collagen orientation observed at the burn margin. Collagen content within scars is known to be increased. This collagen is often poorly organized and does not recapitulate the basket-weave structure that is observed in the uninjured dermis. Grossly analyzing the full wound sections, a dramatic difference between the siCTGF suture treated wounds and the siControl and uncoated suture treated wounds is easily apparent (Fig. 10a) . The siCTGF scar region contains much larger collagen fibers that are evenly distributed and organized into a cross-hatching network. Similar to what we had observed in both H&E and MTC staining, the topical aspect of the scar is most consistent to the control wounds, however the depth of this region is less than half of that observed in the controls. It is also interesting to note here that regions we had noted were clearly scar tissue from H&E and MTC appear much more similar in collagen structure to the uninjured dermis than any such identifiable regions within the control burn wounds.
An important aspect of the pathology of scar tissue is contraction. Physiologically, contraction occurs as a result of mechanical forces transmitted across the ECM within the scar. Collagen is a primary component of that ECM. Orientation of collagen fibers is an important factor in evaluating scar characteristics as it gives insight into the level of mechanical force being transmitted across the fibers. Highly aligned collagen in the orientation of contraction, which in this animal model would be laterally across the wound sections, helps characterize the level of contraction ongoing within the scar.
Here we performed orientation analysis of the large to medium collagen fibers at the scar margin to assess the extent of contraction within these wounds, performed using the ImageJ plugin Orientation J [81] . This analysis demonstrates the high degree of orientation with the collagen fibers at the scar margin of siControl and uncoated suture treated burns. The siCTGF treated burns however demonstrate significantly less alignment, and have a much more woven characteristic to their appearance. This is important as it demonstrates the extent to which contractile forces are present within the control wounds, and how they are still present in the siCTGF treated wounds, but to a lesser degree. In the color maps the purple-blue shaded collagen fibers are oriented in the direction of the scar center and are abundant in the control wounds. These fibers are visible within the siCTGF treated burn but not to the same degree and mixed in with a substantial population of fibers seen going in opposing directions (Fig. 10bec) .
Discussion
Scars are an everyday part of life, but in the case of large traumatic injuries, burns, and surgery, they can create a great deal of discomfort for patients both physically and aesthetically [2, 7, 8] . Specifically, in the case of burn wounds, contractions can lead to serious complications including range of motion issues and loss of function for the tissues involved [6, 82] . These issues become key to both quality of life and function, and affect a range of patients, from childhood burn victims to soldiers on the battlefield suffering large traumatic injuries. The current treatment options available to patients largely consist of silicone gel sheeting and topical steroids, which can slow wound healing and increase the risk of serious infection [7] . To date a great deal of research has been done to identify key biological mediators of scar production, however being able to specifically target these actors has been limited due to the lack of technology to effectively deliver targeted therapies locally at the site of interest. In this report we describe using a layer-by-layer assembled thin film platform for the localized delivery of RNAi from as one approach to this goal.
In this report we describe the application of an ultrathin polymer film coating for the sustained local delivery of siRNA into healing third-degree burns in a rat model. We used a commercially available silk suture coated with the LbL film which could be placed through the burn wound to provide an siRNA delivery depot within the healing tissue. Here we targeted a known mediator of TGFb stimulated fibrosis, connective tissue growth factor. CTGF is known to be upregulated within hypertrophic scars and its expression is associated with the increased expression of collagen, TIMP1, and alpha-smooth muscle actin within scars. Previous reports have demonstrated that anti-sense RNA therapy against CTGF expression within wounds leads to reduced scar production. These reports, however, have focused on the bolus administration of RNA to the wound site, leaving the RNA open to rapid clearance and poor bioavailability, thus achieving lower potential efficacies. Using LbL coatings to sustain the local delivery of siRNA into the healing wound is an approach that we believe addresses both of these concerns. In this work we demonstrate how one might approach the controlled delivery of siRNA from a coated substrate common in the wound sites where scars form, targeting this key mediator which resulted in significant changes in scar formation in a thirddegree burn model in rats.
Ultrathin coatings were observed to uniformly coat the surfaces of commercially available silk sutures and were demonstrated to sustain the release of siRNA out to nearly two weeks. These film coated sutures were tested for in vitro siRNA-specific gene knockdown and were shown to reduce the expression of the reporter gene GFP in two different cell lines for up to five days with minimal impact on cell viability. This film coated suture when placed through third-degree burn wounds was able to achieve significant siRNA-specific reduction of CTGF expression in vivo. This reduction in CTGF expression was connected to reduced expression of many related TGFb stimulated pro-fibrotic genes, including collagen, TIMP1, and aSMA. Macroscopically siCTGF treated wounds were significantly less contracted than wounds treated with either siControl coated sutures or uncoated sutures.
Histologically the siCTGF scars were significantly less contracted than control scars, and were significantly shallower. The healed tissue within the siCTGF treated burn wound contained papillary structures, which play a crucial role in providing a strong connection between the epidermis and the dermis. These structures were not observed in any of the control scars. In addition to these findings, the level of remodeling within the siCTGF treated wounds was also increased compared to controls. MTC staining of wound sections provided evidence of increased reorganization of the healing tissue and more advanced remodeling of the scar margins. Finally, picrosirius red staining of the treated wound sections provided a great deal of insight into the organization of collagen within the healing tissues and the level of contractile forces acting on them. It was observed that reducing CTGF expression improved collagen remodeling within the burn wound and significantly reduced the level of collagen orientation at the scar margin, indicating significantly reduced contractile forces within the tissue.
In summary, we have presented the local application of an ultrathin polymer coating that can be uniformly assembled onto a commercially available suture for the sustained effective knockdown of a key mediator in cutaneous scar formation in vivo. This targeted therapy resulted in a significantly reduced fibrotic response within healing burn tissue. The work detailed in this report is one of the first demonstrations of controlled local RNA delivery into healing burns to improve outcomes. This work also substantiates the previously reported findings that CTGF is a potential therapeutic target within wounds to reduce fibrosis while not impairing normal wound healing. The approach outlined within this report has the potential to significantly impact a myriad of diverse fields, from treating liver, renal, and pulmonary fibrosis to developing regenerative medicines, cancer therapies, and providing a tool in fundamental scientific research.
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